INTRODUCTION
============

It is evident that a scratch along the skin heals faster in young people and that the healing capacity and the normal cell turnover gradually decline with age. The skin is one example of several regenerative tissues, which include blood, gut, mammary epithelium and testis that undergo routine cell turnover. The maintenance and repair of these adult tissues relies upon rare populations of tissue specific stem cells that replenish cells in normal homeostasis or damage \[[@R1]\].

While tissue stem cells share more similarities with their lineage cells than with stem cells among other tissues, all stem cells share the common ability to generate self-renewed stem cell and differentiated cells. This property is common to embryonic stem cells. However, in contrast to embryonic stem cells that completely differentiate throughout development, tissue stem cells persist in adults and maintain a balance between self-renewal and differentiation processes. An age-related decline in tissue regeneration is determined partly by changes in these mitotic stem cells and their lineage-restricted differentiated cells but also by non-dividing microenvironment niche supporting cells \[[@R2]-[@R4]\].

THE STEM CELL NICHE
===================

In many tissues, the niche is an anatomical compartment, composed of unique cell populations that provide the source for growth factors and adhesion molecules that determine whether the cell will continue to self-renew, or whether itwill differentiate into a committed cell and lose its stem cell properties \[[@R1],[@R5],[@R6]\]. Importantly, several niches such as the neurogenic niche of neural stem cells, are found in close proximity to blood vessels where they enable circulating systemic factors to signal to stem cells in order to meet the dynamic tissue demands \[[@R7]\]. Therefore, the niche acts as a \"control-unit\" that determines stem cell proliferation rate, the fate of its daughter cells and protects the overall stem cell pool from depletion. In a given tissue, stem cells change their properties to respond to stress conditions and to match age-related changes in tissue growth. Throughout development, stem cells divide frequently to support the rapid growth. However during adulthood, growth is arrested and most stem cells divide occasionally to support tissue homeostasis or to replace damaged cells. Since the *in vivo* context of tissue stem cells determines their properties, the age-related decline in stem cell functionality is the sum of the overall cellular aging mechanisms of the niche, the systemic milieu and the stem cells themselves \[[@R3]\].

The small percentage of stem cells and the complexity of mammalian tissues present a big obstacle in the unequivocal identification of the rare stem cells and their niche. In recent years *Drosophila* *melanogaster* has been established as an excellent model to study stem cells in six distinct tissues: neuroblasts \[[@R8]\], hematopoietic \[[@R9]\], intestinal \[[@R10]\], malpighian tubules \[[@R11]\] and male and female germlines comprised of both somatic and germline stem cells \[[@R12]\]. In all of these tissues, the niche, stem cells and their immediate daughter cells are identified at a single cell resolution in the context of whole tissue anatomy. While neuroblasts and hematopoietic stem cells lose their stemness properties in adult flies, intestinal, male and feamale germline stem cells support gut, testis and ovaries homeostasis respectively, throughout adulthood and aging. As such, these three tissues provide attractive models to study stem cell function throughout normal aging (Fig. **[1](#F1){ref-type="fig"}**). The genetic ammenability and the abundance of available tools to specifically mark cell populations, allowing for visualization of phenotypes in the context of the endogenous stem cell niche have significantly enhanced our understanding of stem cells mechanisms that are modulated during aging. In this review we discuss cellular aging mechanisms of tissue stem cells, niche and systemic signals that were studied in*Drosophila*intestine, male and female germlines.

THE MALE GERMLINE STEM CELL NICHE
=================================

The *Drosophila* testis is a transparent coiled tube in which the germ cells are organized in a clear gradient of differentiation from the apical to the basal edge where short-lived mature sperm are formed and are constantly released from the testis \[[@R13]\]. The male germline stem cell (GSC) niche is located at the apical tip of the testis and is comprised of three cell types: GSCs, cyst stem cells (CySCs) and hub cells (Fig. **[1](#F1){ref-type="fig"}**). GSCs coordinate signals with the niche to self-renew and to continually supply differentiated germ cells. GSCs and CySCs form a rosette-like structure around the hub, a cluster of 8-16 post-mitotic somatic cells. The hub secrets the Unpaired (Upd) ligand that locally activates the JAK-STAT pathway to promote stem cell self-renewal and niche-maintenance in the closely neighboring CySCs and GSCs \[[@R14]-[@R16]\]. CySCs act as a niche for GSCs and produce Hedgehog to self-renew and bone morphogenetic proteins (BMPs) to regulate GSCs \[[@R17]\]. As a result of GSC asymmetric division, one daughter cell remains within the niche for self-renewal, while the other, a displaced progenitor cell (gonialblast), begins the transit amplification (TA) program. In many stem cell lineages, daughter cells destined for differentiation undergo TA divisions prior to initiating terminal differentiation, thus enabling amplification of the rare and infrequently dividing stem cells. In the testis, four synchronized cycles of TA divisions with incomplete cytokinesis, generate progenitor spermatogonia \[[@R18]\]. The resulting sixteen germ cells spermatogonia undergo a terminal differentiation program and meiosis. Each GSC has a limited number of asymmetric divisions and a half-life-time of fourteen days \[[@R19]\], after which the GSC disconnects from the niche and differentiates. Spermatogonia cells also dedifferentiate to replace GSC loss \[[@R20]-[@R22]\]. Thus, germline maintenance relies on an intricate balance of renewal/differentiation decisions in multiple co-developing and spatially interlacing cell populations, including the hub, GSCs, CySCs and progenitor cells.

AGE-RELATED CHANGES OF THE MALE GERMLINE STEM CELL NICHE
========================================================

*Drosophila* aging compromises testis function resulting in morphological changes of significantly smaller testis with reduced stem cells and differentiated progeny, and in physiological changes that eventually arrest sperm production \[[@R23]\]. One of the striking phenotypes of aging is a gradual reduction in GSC mitotic division frequency. The plane of the mitotic division of a given GSC is perpendicular to the hub, allowing gonialblast progenitor germ cell to break away from the niche and to initiate differentiation \[[@R24]\]. To restrict the division to this stereotypical orientation, GSCs obtained a unique centrosome checkpoint. The GSC mother centrosome is attached to the hub boundary, whereas the daughter centrosome migrates to the opposite side (\[[@R25]\], Fig. **[1](#F1){ref-type="fig"}**). In young adults, the GSC\'s centrosomes remain oriented towards the hub throughout the cell cycle. However, the number of GSCs with misoriented centrosomes, where neither centrosome is located in the GSC-hub interface, increases gradually throughout aging, reaching about 40% of total GSCs in 30 day old flies \[[@R21]\]. The age-related accumulation in GSCs bearing misoriented centrosomes is attributed mainly to the dedifferentiation process whereby the spermatogonia dissociate and migrate to the niche to replenish the stem cell pool \[[@R20],[@R26]\]. These GSCs with misoriented centrosomes do not enter mitosis but they can restart cell division once the centrosomes restore their perpendicular positioning. However, reorientation result in slower GSC regeneration function and is a main cause for the decline in stem cell activity and spermatogenesis during aging. It is still unknown whether a similar checkpoint regulates asymmetric divisions of stem cells in other tissues and in other organisms.

An additional cell cycle mechanism that is modulated during aging involves changes in String (Stg), the*Drosophila* homolog of the dual-specificity phosphatatse Cdc25 that promotes entry and progression of the cell cycle. In young adults, Stg is highly expressed in both GSCs and CySCs and rapidly decreases in differentiating progeny. Loss and gain of function analyses showed that Stg is required for stem cells maintenance and division. Throughout aging, Stg expression specifically declines in GSCs, but not in CySCs. Although constitutive expression of Stg in the germline rescues the age-related decrease in GSC division and CySC number, it promotes tumor development in testes of aged males, suggesting that reduced Stg expression contributes to the decline in spermatogonia during aging, but may have an important role in tumor-suppression \[[@R27]\].

Remarkably, aging compromises not only the dividing stem and progenitor cells but also the hub cells that represent a major component of the stem cell niche. Age-related changes in RNA and protein composition of the fully-committed post-mitotic hub cells significantly contribute to the decline in the number of GSCs of aged males. These changes are controlled by a post-transcriptional network that regulates maintenance and aging of the hub. Elevated levels of the heterochronic microRNA *let-7*\[[@R28],[@R29]\] in the hub of aged males initiate a cascade of post-transcriptional events in the stem cell niche that result in reduced levels of the self-renewal factor Upd leading to an overall decrease in stem cells that reside within the niche \[[@R23],[@R30]\]. *let-7*negatively regulates the expression of Imp, an evolutionarily conserved RNA binding protein that acts as a self-renewal factor of the hub. Elevated levels of *let-7*in the hub of aged males target *Imp*3'UTR and inhibit Imp protein translation. In young males, Imp binds the 3\'UTR of *upd* and stabilizes its mRNA levels. This interaction protects *upd* from degradation mediated by endo-siRNAs and thus contributes to the maintenance of the niche in young adults. In older males, *upd*mRNA loses its Imp protection, an event which renders it susceptible to degradation that leads to reduced niche function and GSCs loss. Interestingly, ectopic expression of either Upd or Imp that cannot be targeted by *let-7* rescue the age-dependent decline in the number of GSCs that reside within the niche \[[@R23],[@R30]\]. Therefore, changes in the RNA levels of post-mitotic niche cells generate an active stem cell microenvironment that supports distinct self-renewal programs at different ages.

In addition to reduction in the self-renewal program dictated by the hub, there is also a decline in the adhesion signals that emanate from the hub to retain the stem cells within the niche \[[@R23]\]. High levels of cell adhesion molecules are found in the junctions among the hub cells and in the interface between hub cells and the two stem cell populations that surround it, namely CySCs and GSCs. They include Fasciclin 3 (Fas3, \[[@R31]\]) and the *Drosophila* homologs of E-cadherin, (DE-cad) and neural cadherin (DN-cad, \[[@R32]\]). In aged males there is a slight decrease in the number of hub cells, changes in the distribution of Fas3 and reduction in the DE-Cad levels that contribute to the reduced number of stem cells resident within the niche \[[@R19],[@R23]\].

THE FEMALE GERMLINE STEM CELL NICHE
===================================

The female *Drosophila* has two ovaries, each composed of sixteen ovariole units that all are terminated by a germarium unit. At the tip of each germarium there is a female GSCs niche that is comprised of supporting niche somatic cap cells that emanate short-range signals to regulate GSCs self-renewal and maintenance in the niche (Fig. **[1](#F1){ref-type="fig"}**). As in males, the differentiation program of the cystoblast involves four cycles of mitotic divisions that form of a 16-cell cyst \[[@R33]\]. However, these are not TA divisions since only one cell eventually becomes an egg and the rest of the cells function as supporting nurse cells. The growing cytoblasts move down to the posterior edge of the germarium and either interchange connections with somatic escort cells \[[@R34]\] or dedifferentiate to replace GSCs \[[@R35]\]. The GSCs in the ovary also use DE-cad-rich adherens junctions to connect to the niche cap cells. DE-cad is expressed by both GSCs and the cap cells to enable anchorage and GSCs self-renewal \[[@R36],[@R37]\]. However, each female niche is much smaller and occupies two-three GSCs and the main self-renewal ligands dictated by the niche are the decapentaplegic (Dpp) and glass-bottomed boat (Gbb). These secreted factors activate bone morphogenetic protein (BMP) signaling in the neighboring GSCs to repress transcription of the key differentiation factor, *bag-of-marbles (bam)*\[[@R38]\]. Therefore, the stem cell identity acquires an active program to repress differentiation that is the default of the cells, unless they are located within the niche. An additional stem cell population, the follicle stem cells (FSCs, Fig. **[1](#F1){ref-type="fig"}**) is located farther away from the GSCs niche in the mid-germarium and gives rise to polar and stalk cells to form the follicle \[[@R34],[@R39]\].

AGE-RELATED CHANGES OF THE FEMALE GERMLINE STEM CELL NICHE
==========================================================

In aged females, BMP signaling undergoes an age-dependent decline, resulting in a small but significant reduction in the number of both GSCs and cap cells \[[@R40],[@R41]\]. In addition to the reduced number of GSCs in the niche, their proliferation capacity significantly declines during aging. This reduction together with a significant increase in the incidents of apoptotic cell death in the ovary of aged females, culminates in a progressive decline in egg production \[[@R41]\]. Gbb ectopic expression in the niche or ectopic expression of BMP receptor intrinsically in GSCs rescues the age-related GSCs loss and proliferation rate. Similarly to males, aging appears to reduce the levels of DE-Cad in the anchorage junctions between GSCs and cap cells \[[@R40]\]. Remarkably, studies of the female niche clearly show that reducing reactive oxygen species (ROS) delays the stem cell aging phenotypes. ROS, the byproducts of oxidative energy metabolism, have long been suggested to be a main damaging substance that causes cellular aging in different organisms \[[@R4]\]. Overexpression of an antioxidant enzyme, superoxide dismutase (Sod) that catalyzes ROS into less reactive species, either in GSCs or in niche cap cells, prolongs GSCs and cap cells maintenance in the niche and extends their proliferation rate \[[@R40]\].

Lastly, in *Drosophila* it is not completely clear whether signals from the gonad regulate whole-organism aging. In *C. elegans* there is a balance between longevity promoting signals from the somatic gonad and aging signals from the germline. Germline ablation extends lifespan by reducing insulin signaling and activating DAF-16, a forkhead transcription factor (Foxo) \[[@R42],[@R43]\]. In *Drosophila*, ectopic expression of Bam in male and female GSCs, leads to a one-way GSCs differentiation and results in Foxo activation and lifespan extension \[[@R44]\]. On the contrary, a failure to form primordial germ cells in *grandchildless*-like mutants (*oskar, tudor*, *germ cell-less*) that preserve the soma does not extant lifespan \[[@R45]\]. Thus, unlike the clear tradeoff between reproduction and longevity of the worm, how reproductive systems modulate aging in *Drosophila* remains poorly understood.

THE INTESTINAL STEM CELLS
=========================

The *Drosophila* gut is parallel to the human gastrointestinal system in both its structural and functional properties. It is divided into three distinct compartments: foregut, midgut and hindgut. The posterior midgut bears similarities to the small intestine and serves as the main site for food digestion and nutrient absorption \[[@R46],[@R47]\]. Intestinal stem cells (ISCs) are located at the base of the intestinal epithelium and support epithelium renewal and weekly replacement of the intestinal spent cells (Fig. **[1](#F1){ref-type="fig"}**, \[[@R48]\]). In addition, stressors that damage the gut are associated with an increase in stem cell division to compensate for the loss of spent cells.

Unlike GSCs that are grouped in designated locations within a stromal niche, ISCs are scattered along the basement membrane \[[@R47]\]. Like GSCs, ISCs respond to a variety of systemic signals and cues emanating from neighboring cells \[[@R10]\]. Each ISC divides asymmetrically to give rise to one self-renewed ISC and one committed progenitor Enteroblast (EB) cell that further differentiates into one of two cell types: enterocyte (EC) absorptive cell or enteroendocrine (EE) secretory cell (Fig. **[1](#F1){ref-type="fig"}**). ECs endoreplicate their genome and grow into large cells that comprise the bulk of the midgut epithelium \[[@R10]\]. The main signaling pathway that regulates this asymmetric division is the canonical Delta-Notch pathway. The ligand Delta determines the alternative differentiation outcome of an EB cell in a dose-dependent manner. ISCs that express high levels of the ligand Delta and presumably lead to high activation of Notch in EBs determine the fate of EC and inhibit ISCs proliferation \[[@R47],[@R49]\], whereas low Delta levels in ISCs specify EE cell fate \[[@R48]\].

AGE-RELATED CHANGES OF THE INTESTINAL EPITHELIUM
================================================

Aging alters adult midgut properties in several major ways including: ISC hyperproliferation, misregulated differentiation and compartmentalization defects.

In aging flies, ISCs hyperproliferate and cause aberrant lineage differentiation and accumulation of mis-differentiated daughter cells \[[@R50]-[@R53]\]. Experimentally, excessive ISC proliferation can be detected by BrdU incorporation that reveal DNA synthesis or by excessive staining with the cell cycle marker phospho-histone H3 since ISCs are the only mitotic cells in the midgut \[[@R50],[@R52]\]. These changes are largely caused by accumulation of oxidative stress and attributed to age-related changes in two signaling pathways: vascular endothelial growth factor (VEGF) and Jun N-terminal kinase (JNK) \[[@R50],[@R52],[@R54],[@R55]\]. PVF2, the *Drosophila* homologue of VEGF is expressed in ISCs and their daughter EBs and its expression increases during normal aging and upon induction of oxidative stress. Similarly, a phenotype of excess ISCs was observed upon ROS induction \[[@R52]\]. These results further support the connection between VEGF and ROS levels and the role of ROS as a cause of cellular aging \[[@R52]\]. In addition to the increased number of ISCs, aging is also characterized by accumulation of mis-differentiated cells that express ISC markers and present EC morphology \[[@R50],[@R51]\]. Similarly to PVF2, oxidative stress also increases signaling in the JNK pathway of ISCs and EBs of aged flies. Manipulation of the JNK pathway specifically within these cells was found to postpone the aging phenotypes \[[@R50],[@R51]\]. The Delta-Notch pathway is also misregulated in aged flies. In young midguts, Delta expression in ISCs rapidly decays in daughter EBs. However, high levels of both Delta and active-Notch are observed at the same cells of aged midguts. Interestingly, Notch activation in ISCs and progenitor EBs restricts stress or JNK-induced ISCs proliferation, suggesting that age-related increase in Notch signaling may compensate ISCs hyperproliferation \[[@R50]\]. Since ROS levels highly correlate with mitochondrial function, improving mitochondrial function by overexpressing the transcriptional co-activator PGC1 or by ectopically expressing the single-subunit yeast alternative NADH dehydrogenase, *ndi1*, delays age-related changes in the intestine and improves homeostasis function \[[@R54],[@R55]\].

The increased proliferation of ISCs during aging is largely due to an alteration of the local environment caused by bacterial infections and changes in commensal (bacteria that benefits the gut without affecting it) microflora populations. The significant increase in the bacterial load found in the lumen of the gut \[[@R56]\], suggests an age-related decline in the ability of ECs to manage the microflora. ECs use two major pathways to manage pathogens and commensal flora: ROS generation by dual oxidase (Duox), which initiates an oxidative burst response \[[@R57]\] and expression of antimicrobial peptides (AMPs) by the immune deficiency (IMD/Relish) pathway \[[@R58]\]. The Relish pathway is compromised during aging due to an increase in an upstream regulator Foxo in ECs, resulting in imbalanced levels of commensal bacteria and dysplasia \[[@R59]\]. This microenvironment triggers an inflammatory response by activating Duox and ROS production, thus leading to ISC hyperproliferation.

ISC differentiation is characterized by a progressive relocation of the daughter EB cell from the basal membrane to the lumen of the midgut \[[@R51]\]. This respective apical-basal location of ISCs and EBs that is clearly observed in young midguts is disrupted in aged midguts and the abnormal cells that express ISCs markers and EC morphology accumulate at the basal membrane. These clusters of abnormal cells also appear upon activation of the JNK signaling \[[@R52]\].

Lastly, the three major compartments of the gut can be further subdivide into regional compartmentalization according to distinct morphogical, histological, and genetic properties \[[@R46],[@R60]\]. These subdivisions are maintained in young adults and remain stable in the course of different diets. However, in aged organisms 90% of intestinal gene expression patterns are altered, indicating that the regionalization of the intestine declines with age. Similarly to the aging phenotype, knocking-down transcription factors that regulate gut compartmentalization reduces homeostasis and increases ISCs proliferation \[[@R46]\].

Studies of ISC regeneration of the midgut during aging also provided the interesting observation that genetic manipulations that improve midgut homeostasis, such as reduced JNK signaling or improved mitochondrial function or improved host-commensal interactions all extend the organism lifespan \[[@R51],[@R54],[@R55],[@R59]\]. These findings indicate that midgut homeostasis and chronological age are mutually affecting each other.

In summary, *Drosophila* regenerative tissues enable thorough examination of mechanisms that regulate stem cell aging. The genetic amenability and the adequate characterization of stem and neighboring cells present tools to examine and manipulate age-related changes in subsets of cells to determine their contribution to tissue homeostasis. These studies provide detailed verifications of hypothesis-driven mechanisms that regulate aging such as accumulation of oxidative stress and stem cell hyperproliferation during aging \[[@R50],[@R52]\]. Furthermore these studies also demonstrate the contribution of previously unsuspected mechanisms that regulate declined regeneration function of stem cells in aged tissues. These include changes in the checkpoints of GSCs centrosome orientation and changes in non-coding RNAs of post-mitotic niche cells \[[@R21],[@R30]\]. Although these mechanisms partly explain the declined regenerative capacity of stem cell during aging, considerable research remains to establish the comprehensive network that regulates stem cell aging.
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![**Adult regeneration models in *Drosophila***. **A**) The male germline stem cell (GSC) niche is located at the apical tip of the testis. Three representative GSCs (of \~eight) intermingle with cyst stem cells (CySCs) to surround and contact the hub. The centrosomes (depicted by white dots) of the right GSC are aligned perpendicularly to the hub. The progenitor gonialblast (Gb) cell, which is encapsulated by two cyst cells, transiently amplifies (TA) four times prior to terminal differentiation. **B**) The female GSC niche is located at the tip of the germarium. Anteriorly, terminal filament cells (white) and cap cells form the somatic niche. Two GSCs are bound to the cap cells. The progenitor cystoblast (Cb) undergoes four mitotic divisions. Two follicle stem cells (FSCs) are located in the middle of the germarium.**C**) The intestinal stem cell (ISC) of the posterior midgut differentiates into a progenitor enteroblast (EB) that further differentiates either into a big enterocyte (EC) absorptive cell or to enteroendocrine (EE) secretory cell. Visceral muscle (VM); basal lamina (BL); peritrophic membrane (PM).](CG-15-231_F1){#F1}
